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Abstract: As part of the study, the influence of yttrium content on the properties of particles during controlled precipitation and after thermal
treatment was investigated. Precipitation was carried out at a constant pH of 5 from nitric acid solutions, where the concentration of zirconium was
1 mole/dm3 and the yttrium content ranged from 0 to 30 % based on their oxides. The drying and calcination temperatures of the precipitates were
40 °C and 1000 °C, respectively. It was shown that with a yttrium content of up to 15 %, there was a consistent increase in the average diameter of
zirconium hydroxide particles during deposition. When the yttrium concentration was increased to 30 %, the average particle size increased during
the first 10 minutes of deposition, followed by a gradual decrease. The largest particle diameter was observed in the specimen with 7 % yttrium.
In all cases, the formation of spherical aggregates was observed. With an increasing yttrium content, the boundaries between particles became
smoother, and the degree of co-deposition of yttrium during synthesis decreased from 80 % to 60 %. Depending on the yttrium concentration,
different modifications of stabilized zirconium dioxide powders were obtained: tetragonal ZrO, for 2—7 % yttrium, and cubic ZrO, for 15—-30 %
yttrium. Therefore, the results obtained during the study can be useful for the development of technology for the production of powdered materials
for various applications.
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JIBIX PACTBOPOB, IIe KOHLEHTPALIMSI LIMPKOHUSI COCTaBIIsUIa 1 Mosb/IM>, a comepxkanue uttpusi — ot 0 10 30 % B repecueTe Ha NX OKCH-
nbl. TemriepaTypbl Cymku 1 o6xura ocankoB cocTaBisiyiv 40 u 1000 °C coorBeTcTBeHHO. [TokazaHo, 4TO TIpu cofepkaHuK Y BIJIOTH 10
15 % npoucXoauT MOCTOSIHHOE yBEJIUUYEHUE CPEIHETO UaMeTpa YacTUIL TUIPOKCUIA IUPKOHUS B TIPOIIECCEe OCAXIEHW ST, TIPY TMOBBIIIIE-
HUM KoHIeHTpauu Y 1o 30 % cpenHuii pa3Mep 4acTUIl BO3pacTaeT B TeueHue MepBbIX 10 MUH ocaxkIeHU s, TOCTIe YeTO ITPOUCXOIMT ero
IUIaBHOE CHUXKeHUe. Hanbonbinuit nuameTp yacTull Habmomamcs y oopasma c 7 % Y. Bo Bcex ciayuasix ormeueHo hopmMupoBaHue chepo-
UIaNbHBIX arperatoB. [1pu 9ToOM ¢ TOBBIILIEHUEM COEePKaHUs Y TTPOMCXOSIT CTUIAXXMBAHKME TPAHUIL MEX/1y YACTUIIAMU U CHUKEHUE CTe-
reHu coocaxaeHust Y B poiiecce cuHTe3a ¢ 80 10 60 %. B 3aBucuMOCTH OT KOHIIEHTPAIIUU UTTPUSI MOy YEHbI pa3TMYHbIe MOTUGDUKAIITT
MOPOLIKOB CTAOMJIN3UPOBAHHOTO AMOKCUAA UMPKOHUS: 1ipu 2—7 % Y — TeTparoHanbHblit ZrO,, a npu 15-30 % Y — ky6uueckuit ZrO,.
Takum 06pa3om, OJyUYeHHbIE B XO[I€ UCCIEOBAHUI Pe3yIbTaThl MOTYT OBITH MOJE3HbI 17151 Pa3pabOTKU TEXHOJIOT MU MPOU3BOACTBA MO-
POILKOBBIX MaT€PUAJIOB AJIs1 PAa3TUYHOTO MPUMEHEHUSI.

KaroueBble cioBa: CTaOMIM3UPOBAHHBIN IMOKCHUI IIMPKOHUSI, OCaXKIECHUE, arperalus, TepMooapbepHbIe TOKPBITH .
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Introduction

Stabilized zirconium dioxide is used in many in-
dustrial fields, including the creation of thermal barrier
coatings [1—3], the manufacturing of ceramic products
for medical applications [4—6], and the production of
solid oxide electrolytes for electrochemical devices [7—
9]. It has low thermal conductivity [10], high chemical
and corrosion resistance [11], good oxygen conductivity,
and biological compatibility with human tissues [12].

To generate thermal barrier coatings on gas turbine
engine components, the atmospheric plasma spraying
(APS) method is often used, utilizing yttria-stabilized
zirconia (YSZ) powders [13—15]. YSZ powder should
have high bulk density, low specific surface area, sphe-
roidal particle shape ranging from 20 to 100 um, and
high flowability [16]. Coatings obtained using APS
technology reduce part erosion rates and increase adhe-
sion and corrosion resistance during thermal cycling at
high temperatures [17].

YSZ powders are also used in the production of in-
gots for vacuum electron beam evaporation [18]. These
ingots are used to form columnar-structured thermal
barrier coatings on gas turbine engine blades [19—21].
Compared to APS coatings, columnar coatings have
higher adhesion resistance, lower elastic modulus, and
surface roughness [22].

Common methods for obtaining stabilized zirconi-
um dioxide in industry include direct and reverse pre-
cipitation of zirconium hydroxides [23], the sol-gel pro-
cess [24], and spray pyrolysis [25]. However, all these
methods do not allow for the control of the properties of
precipitates and, therefore, the final powder materials.
It is known that when using precipitation methods, the
properties of hydroxide precipitates strongly depend on
pH [26].

Direct and reverse precipitation usually result in
fragmented particle shapes and wide size distribution.
The sol-gel method is often used to synthesize fine-dis-
persed powders using organic binders and solvents,
which complicates the technology and scaling process.
Spray pyrolysis can produce particles with a spheroidal
shape ranging from several nanometers to several mic-
rometers. However, obtaining coarse particles with a
diameter of 20 to 100 um is practically impossible. The
method is quite complex in technical implementation,
requiring high temperatures and posing scaling chal-
lenges.

Authors [27] have shown that by varying the pH value
during controlled precipitation, it is possible to obtain
zirconium hydroxide with different properties, such as
average particle diameter and shape, specific surface
area, and porosity. It has also been found that the addi-
tion of yttrium during this process leads to further mod-
ification of these properties.

Thus, precipitation under controlled conditions can
be a promising method for synthesizing hydroxide mate-
rials with required properties for use in various industrial
fields.

In this study, the influence of yttrium content dur-
ing controlled precipitation at a constant pH of 5 on
the properties of zirconium and yttrium hydroxide pre-
cipitates, as well as the resulting powders after thermal
treatment, was investigated. Specimens of zirconium
oxide with yttrium content up to 30 % were obtained.
An analysis of particle size distribution and shape was
performed during precipitation and after annealing.
The degree of yttrium co-precipitation and the phase
composition of the powders after annealing were also
studied.

45



lzvestiya. Non-Ferrous Metallurgy « 2024 « Vol. 30 « No.2 e P.44-54

Buinachev S.V., Domashenkov M.A., Mashkovtsev M.A. et al. Synthesis and study of the properties of zirconium dioxide powders...

Materials and methods

The synthesis of zirconium hydroxide with varying
yttrium content was carried out by the controlled pre-
cipitation method at aa constant pH of 5. The initial
solutions of zirconium and yttrium nitrates were pre-
pared by dissolving zirconium carbonate and yttrium
oxide in nitric acid. A 10 % ammonia solution was used
as the precipitant. Before each precipitation, a solution
containing 123 g of zirconium in terms of oxide and the
calculated amount of yttrium to achieve concentrations
of 0, 2,4, 7, 15, and 30 % in terms of oxide in the fi-
nal powder (referred to as specimens 0%Y, 2%Y, 4%Y,
7%Y, 15%Y, and 30%Y, respectively) was prepared.

The precipitation was carried out in a 3-liter glass
beaker with constant stirring using an overhead stirrer.
The combined solution of zirconium and yttrium nitrates
was dosed into the reactor using a peristaltic pump at a
rate of 5 mL/min. The precipitant solution was intro-
duced using another peristaltic pump, which was con-
nected to a pH meter through a relay control system to
control the dosing of ammonia and maintain constant
pH. The precipitation process was carried out for 200 mi-
nutes, after which yttrium was further precipitated by
raising the pH to 8 for specimens with yttrium addition.
The suspension was then filtered using a vacuum Buch-
ner filter, dried at 40 °C for 24 h, and fired at 1000 °C.

The average particle diameter and their size distri-
bution were determined using laser diffraction on an
Analysette 22 instrument (“Fritch”, Germany) in the
measurement range of 0.08 to 2000 pm using green and
infrared lasers. Suspension specimens were taken from
the reactor at different stages during the precipitation for
this purpose. The particle shape was evaluated using an
optical microscope GX71 (“OLYMPUS”, Japan). The
yttrium concentration in the mother solution was deter-
mined by complexometric titration using Trilon B. X-ray
diffraction patterns of the specimens were obtained us-
ing an X’Pert Pro MPD diffractometer (“PANalytical
B.V.”, Netherlands) with a solid-state pixel detector in
CuK,, radiation with a B-filter. The phase composition
and lattice parameters were determined by full-profile
Rietveld analysis, and the areas of coherent scattering
(ACS) were determined using the Sherer method based
on the most intense reflections at small scattering angles
(shape factor K = 0.9) using the X’Pert High Score Plus
software (Netherlands).

Results and discussion

Figure 1 shows the change in average particle dia-
meter (d) and size dispersion as a function of precipita-
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tion duration (1). It is shown that in the 0%Y speci-
men, the value of d increased starting from the 5™
minute of the precipitation process and reached
33 um by the 200" minute. The addition of 2 % and
4 % yttrium led to a significant increase in this pa-
rameter throughout the precipitation process, reach-
ing 38 pm by the 200" minute. In the 7%Y specimen,
an even greater increase in particle size was observed,
reaching 40 um by the end of the deposition. Add-
ing 15% Y resulted in a substantial increase in the
average particle diameter to 39 um during the first
100 minutes of deposition, after which it remained
almost unchanged. For the 30%Y specimen, a sharp
increase in the value of d was recorded by the 20"
minute of deposition, reaching 28 um, after which
it gradually decreased to 23 um by the completion of
the process.

The size dispersion parameter for the 0%Y spec-
imen decreased throughout the precipitation pro-
cess, reaching 1.08 by the 200" minute. For speci-
mens with yttrium content ranging from 2 % to 15 %,
the values of this parameter decreased by the 70"
minute of deposition, after which they started to in-
crease, ending the process in the range of 1.2 to 1.28.
For the 30%Y specimen, the size dispersion value
was consistently higher throughout the precipitation
compared to the other specimens, reaching 1.3 by the
200" minute.

Figure 2 illustrates the mass size distribution of par-
ticles as a function of precipitation time and yttrium
addition. For specimens with yttrium content ranging
from 0 to 15 %, a peak in the range of T = 15+20 um
with an arm in the range of d = 1+5 pm formed du-
ring the first 10 minutes of deposition. As the precipita-
tion time increases, this peak disappears, and a peak at
d ~ 1 um with a mass fraction of less than 1 % emer-
ges. Simultaneously, the main peak shifts uniformly
towards larger sizes, indicating an increase in the av-
erage particle diameter. The peak at d ~ 1 pm remains
relatively unchanged in its position. For the 30%Y
specimen, a peak in the range of d ~ 30 um with an arm
in the range of d = 1+5 um is formed by the 10™" min-
ute of deposition. With increasing precipitation time,
the main peak shifts towards smaller sizes, and the arm
transforms into a separate peak with a maximum in the
range of d = 1+2 um.

It is likely that the formation of two populations of
particles during precipitation leads to an increase in
their average diameter due to layer-by-layer aggregation.
Apparently, conducting hydrolysis at constant pH results
in the formation of similarly charged primary nuclei,
which aggregate upon collision to form larger particles,
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Fig. 1. Average particle size () and dispersion of sizes () as a function of precipitation duration
1—sample 0%Y; 2 —2%Y; 3 —4%Y; 4—7%Y; 5— 15%Y; 6 — 30%Y
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Fig. 2. Mass distribution of particle sizes as a function of precipitation duration

Puc. 2. MaccoBoe pacripeieJieHUe 4YacTUIL IT0 pa3Mepam B 3aBUCUMOCTH OT IJIUTEIbHOCTH OCaXKACHU I
HCCaenyeMbIX 00pas31ioB

followed by a change in charge on the surface due to ola-  with the opposite charge serve as the basis for the me-
tion processes. chanism of aggregation processes. The addition of yttri-

Thus, the simultaneous occurrence of nucleation um during precipitation appears to significantly affect
with one charge and the appearance of larger particles the progress of olation and oxolation processes. It can
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be assumed that its presence leads to an increase in
the surface charge of primary particles, which hinders
their aggregation with each other. These nuclei pre-
dominantly begin to accumulate on the formed large
aggregates with the opposite charge, resulting in a
significant increase in the average particle diameter
when yttrium is added. However, at a yttrium con-
tent of 30 %, the layer-by-layer aggregation process
is hindered, and the large aggregates stop increasing
in size, leading to an increase in the fraction of small
particles. Presumably, the high yttrium content al-
most completely suppresses the olation processes and
neutralizes the charge on the surface of large aggre-
gates, resulting in an increase in the size of particles
in those aggregates where the charge has not yet been
neutralized.

Figure 3 illustrates optical images of particles at the
200" minute of sedimentation for specimens with dif-
ferent yttrium content. It is shown that in the specimen
without the addition of Y, the formation of spheroi-
dal aggregates with well-defined but rough boundaries
occurs. A gradual increase in yttrium content leads to
the formation of spheroidal aggregates with smoother
boundaries. It has been found that the introduction of
yttrium up to 15 % results in an increase in particle and
aggregate sizes, while increasing its content to 30 %
leads to a decrease, which is consistent with laser dif-
fraction results.

The influence of yttrium addition on the shape of
particles can be explained by the same approach used in
the analysis of particle size changes, based on the dif-
ference in their charges. As mentioned earlier, the addi-
tion of yttrium hinders aggregation of primary particles,
leading primarily to increased collisions between very
small primary particles and larger ones, thereby con-
tributing to the formation of smooth boundaries on the
surface.

Figure 4 shows the change in the concentration of
yttrium cations (Y3+) in the suspension during precip-
itation and the rate of co-precipitation of yttrium with
zirconium hydroxide as a function of process time.
It is shown that for specimens with 2%Y, 4%Y, 7%Y,
and 15%Y, there is a gradual increase in Y°>* concen-
tration with increasing sedimentation time, reaching
0.3, 3.0, 5.5, and 15 g/dm3, respectively, by the end of
the process. For the 30%Y specimen, there is a sharp
increase in Y>* content to 60 g/dm3 by the 100" mi-
nute of the process, after which it remains nearly con-
stant. At the same time, the rate of yttrium co-preci-
pitation with zirconium hydroxide reaches 80 % by the
200" minute for the 2%Y, 4%Y, and 7%Y specimens,
and 72 % and 60 % for the 15%Y and 30%Y specimens,
respectively.

Thus, despite the low pH value of the sedimentation
process, a significant portion of yttrium is captured by
the zirconium hydroxide precipitate. This is likely due to

Fig. 3. Optical images of particles of the investigated specimens by the 200" minute of deposition

Puc. 3. OnTrdeckue n3006paxeHU I YaCTUIL UCCIeyeMbIX 00pa3ioB K 200-if MUHYTe ocak IeHU st
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Fig. 4. Concentration (@) and co-deposition rate (b) of yttrium cations in slurry as a function of precipitation duration

Puc. 4. I3ameHeHMe KOHIIEHTpALIMU (@) ¥ CTETIEHU COOCaXaeHUsI (b) KaTUOHOB UTTPU S B CYCIIEH3UU B 3aBUCUMOCTH

OT AJIUTCJIBbHOCTU OCaXKACHU S

the high (excessive) concentration of OH™ groups on the
surface of the hydroxide, which bind to the Zr*" cations
during the formation of zirconium hydroxide.

Figure 5 shows the change in the average parti-
cle diameter and size dispersion as a function of the
synthesis stage for the specimens. It is shown that the
values of d decrease stepwise after drying at r = 40 °C
and annealing at 1000 °C. After annealing, the av-
erage particle size for the 0%Y specimen was 22 um,
for the 2%Y—15%Y specimens it remained at around
25 um, and for the 30%Y specimen it was 17 um. The
size dispersion values after annealing for specimens
with yttrium content up to 15 % are practically at the
same level, around 1.1, and for the 30%Y specimen
they are around 1.4.

Figure 6 illustrates the particle size distribution as a
function of the stage of specimen synthesis. For spec-
imens with yttrium content up to 15 %, after anneal-
ing at 1000 °C, a narrow, high peak is observed, which,
compared to the suspension and drying stages, has sig-
nificantly shifted to the left, indicating smaller particle
sizes. At the same time, the shape of the peak has not
changed significantly, suggesting that neither destruc-
tion nor additional aggregation occurs during heat treat-
ment. For the specimen with 30 % yttrium, the particle
size distribution after annealing looks similar, but the
distribution peak is wider and lower compared to the
other specimens. This may be due to the fact that even at
the precipitation stage, large aggregates hardly changed
in size, while a large number of new aggregates were
formed.

Figure 7 shows optical images of particles after
annealing at 1000 °C for specimens with different yt-
trium contents. It is shown that for all of them, af-
ter annealing, the particles retain a spheroidal shape.
Specimens with 0%Y, 2%Y, and 4%Y exhibit parti-
cles with uneven boundaries, while specimens with
7%Y, 15%Y, and 30%Y display particles with smooth-
er boundaries.

It is known that zirconium dioxide can exist in
three different crystalline modifications depending
on temperature: monoclinic at room temperature,
tetragonal at > 1170 °C, and cubic at 7 > 2370 °C. To
increase its thermal stability, stabilizing components
are introduced, with yttrium oxide being the most
common. The similarity of the ionic radii of Zrand Y,
as well as the isomorphism of their structures, allows
for the formation of a solid solution when Y is intro-
duced into the crystal lattice of ZrO,. Stabilization of
zirconium dioxide with low-valent cations can lead
to the stabilization of the tetragonal or cubic phase at
lower temperatures, even at room temperature. This is
due to the generation of oxygen vacancies in the lat-
tice, which in turn reduces the stress caused by the
energetically unfavorable 8-coordinated configura-
tion [28].

Depending on the yttrium content, three structural
modifications of zirconia oxide were obtained after an-
nealing at 1000 °C. The data from X-ray phase analysis
are presented in Table 1. Zirconium oxide without yttri-
um addition has a monoclinic structural modification,
with a crystallite size of 48 nm. Specimens with 2 %,
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Fig. 5. Average particle size (a) and dispersion of sizes (b) at various stages of synthesis of the considered specimens
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Fig. 6. Particle size distribution at various stages of synthesis of the considered specimens

Puc. 6. PacnpeneneHHe YacTHIl IO pasME€paM Ha pa3HbIX 3Tanax CUHTE3a UCCIIEAYEMbBIX o6pa3u0B

4 %, and 7 % Y content are characterized by a tetrago-
nal modification. This is confirmed by the smaller va-
lues of edge lengths compared to the monoclinic mo-
dification. The crystallite size decreases with increa-
sing yttrium content, which is consistent with literature
data [29], and ranges from 40 to 60 nm. At the same
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time, zirconium dioxide with 15 % and 30 % Y addi-
tions undergoes the formation of a cubic modification,
as evidenced by the similar edge length parameters.
The crystallite sizes are 28 and 42 nm, respectively.
The X-ray diffraction patterns of all yttrium-modified
specimens do not show peaks corresponding to pure
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X-ray phase analysis of zirconium dioxide with various content of yttrium

Pe3yJ'H>TaTI)I pCHTI‘CHO(I)a3OBOFO aHa/ln3a O6pa3HOB JUOKCuaa HMPKOHUA C Pa3JIMYHbIM COACPXKAHUEM UTTPUA

Specimen Crystallite size, nm Modification type ; Lattice cozstants, 2 .
0%Y 48 Monoclinic 5.147 5.202 5.312
2%Y 60 Tetragonal 3.595 3.595 5.175
4%Y 51 Tetragonal 3.603 3.603 5.170
7%Y 42 Tetragonal 3.614 3.614 5.153
15%Y 28 Cubic 5.127 5.127 5.127
30%Y 42 Cubic 5.142 5.142 5.142

Fig. 7. Optical images of particles after annealing at 1000 °C

Puc. 7. Ontuueckue nszodpaxkeHus yactuil nociyie ooxkura npu 1000 °C uccienyeMbix 00pa3ioB

yttrium oxide, indicating that it is uniformly distrib-
uted in zirconium dioxide, forming a solid substitution
solution.

Conclusions

The specimens of zirconium dioxide with varying
yttrium content were produced in this study through
controlled precipitation at constant pH. The influence
of yttrium addition on the average particle diameter,
size dispersion, particle size distribution, shape, de-
gree of yttrium deposition, and phase composition of
the final powders was investigated. A mechanism for
the aggregation of zirconium hydroxide during pre-
cipitation at a constant pH value was proposed, and
the influence of yttrium addition on this process was
examined.

30%Y

z 1505y
g e Y 5%
E A ]l f]l g A TNY
A4 A p A%Y

L ﬁ h‘.. e 2%Y

—:U—‘M-m .

0 20 40 60 80
20, degree

0%Y

100

Fig. 8. X-ray patterns of the considered specimens
after annealing at 7= 1000 °C

Puc. 8. PentreHorpamMsl ucciaeqyeMbiX 00pa3iion
nocie ooxura npu ¢ = 1000 °C
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It was found that the yttrium content significant-
ly influenced the particle size during deposition: in
specimens without yttrium, the average particle dia-
meter was 33 um, while with 7 % yttrium addition, it
increased to 40 um. It was also observed that yttrium
co-deposited with zirconium hydroxide at a pH of 5
during the precipitation process, with the degree of yt-
trium precipitation ranging from 60 % to 80 % depend-
ing on its content.

After thermal treatment, there was no destruc-
tion or additional aggregation of particles, and the
spherical shape of the particles was preserved, with
low size dispersion observed in all specimens. Dif-
ferent modifications of zirconium dioxide were ob-
tained depending on the yttrium content: monoclin-
ic for specimens without yttrium, tetragonal for 2—7
% yttrium addition, and cubic for over 15 % yttrium
addition.

Therefore, the obtained results can be useful in the
development of powder production technology for va-
rious industrial applications, particularly for the forma-
tion of thermal barrier coatings using atmospheric plas-
ma spraying.
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